Background: Chitosan, a linear polysaccharide, has been recently used in biomedical applications. In vitro studies have demonstrated its effect on cellular growth and its stimulatory action on cellular layer formation. Aims: The present study aims to compare the proliferative effects of chitosan in two forms, membranous and solution forms, on Swiss 3T3 mouse embryonic fibroblasts. Study Design: In vitro study. Methods: Three experimental groups were formed: cells were cultured in a normal medium without chitosan (Control Group); cells were cultured either in a medium containing 2.0% chitosan in membranous form (Membrane Group) or chitosan solution at a concentration of 2.0% (Solution Group). Two different methods were used in the experiments: cells cultured on the medium containing chitosan in solution or membranous forms (method 1); and chitosan solution or membranous forms were added into the medium containing previously cultured cells (method 2). Results: Scanning electron microscopic investigations of the experimental groups revealed cells with welldefined cellular projections, intact cellular membranes and tight intercellular junctions. They were especially prominent in the membrane group of method 1 and in the membrane and solution groups of method 2. Mouse monoclonal anti-collagen 1 primary antibody was used to indicate collagen synthesis. Prominent collagen synthesis was detected in the membrane groups on the 10 th day of culture for both methods. Bromodeoxyuridine (BrdU) and MTT assays were performed in order to assess cellular proliferation and viability, respectively. BrdU labelling tests indicated a higher proliferation index in the membrane group of method 1 on the 5 th and 10 th days. For the second method, the membranous form on the 10 th day and solution form on the 5 th day were the most effective groups in terms of cellular proliferation. MTT results reflected a high cellular viability in method 1 on the 5 th day of treatment with the membranous form, whereas cellular viability was highest in the solution form of method 2 on the 5 th day. Conclusion: The membranous form of chitosan induced a significant proliferative effect and increased the ratio of cell-to-cell junctions of Swiss 3T3 mouse embryonic fibroblasts. Conveniently, the solution form also resulted in enhanced cell proliferation and viability compared to the control group. As the solution form is easy to prepare and apply to cells compared to the membrane form, the application of Chitosan directly to media appears to be a convenient alternative for tissue engineering approaches.
A key goal of tissue engineering is to use cells, materials, and supporting structures to substitute for damaged tissue and repair its function. For tissue specificity, using appropriate materials for scaffold construction is imperative. An ideal material used for fabricating tissue-engineered scaffolds would provide both structural support and the control of bioactivity. In this regard, chitin-based materials are regarded as appropriate candidates because of their biodegradable properties and ability to be easily fabricated into distinct types of tissue scaffolds. Quaternary ammonium groups that are present within chitin-based materials efficiently interact with the cell. Chitin-based materials can be readily fabricated into many forms of scaffolds, including hydrogels, microcapsules, membranous films, sponges, tubes, and a variety of three-dimensional porous structures (1) (2) (3) (4) .
Chitosan, a specific moiety of chitin, is a mucopolysaccharide which is used in bioengineering. It is be biocompatible and biodegradable due to cellular lysosomal action. As a non-toxic and non-immunogenic material, its degradation products are not thought to cause any reaction in the body. (1-3,5) Chitosan, being an important biomaterial for use in the treatment of skin damage and burns, has also been reported to increase regeneration processes in the dermis and accelerate wound healing (6) (7) (8) (9) (10) . Chitosan, which is similar to glycosaminoglycans, has been suggested as a very suitable biomaterial to repair connective tissue (11) . Recent studies have revealed the frequent interaction of chitosan and its derivatives with different cell types (4, 12) .
Chitosan hydrogel can be prepared and cross-linked either covalently or ionically. Covalent cross-linking provides chitosan hydrogel with a permanent architecture that can be used to absorb and release bioactive factors or water. Chitinbased materials and their derivatives are receiving increased attention in tissue engineering because of their unique and appealing biological properties (4-6, 8-10, 13, 14) .
Despite numerous primary cell culture studies investigating the effects of chitosan on cellular proliferation, there is little information available about the effects of chitosan on continuous cell lines. Preliminary experiments in our group suggested that the simple addition of soluble chitosan to cell culture media (as opposed to the generation of membranes in culture vessels) had positive effects on cell growth and behaviour.
The present study was designed to investigate the putative effects of a solution form of chitosan on the activity of Swiss 3T3 mouse embryonic fibroblast continuous cell line (15, 16) , comparing the effects to those induced by membranous chitosan.
MATERIALS AND METHODS

Experimental groups and methodology
The effects of chitosan culture in either a membrane or a solution form were evaluated. For each treatment group, we applied chitosan using two different methods, where chitosan was added either before (method 1) or after (method 2) cell plating. Cells were evaluated 5 and 10 days after treatment(s). Each experimental treatment was performed in triplicate. For no-chitosan controls, Swiss 3T3 mouse embryonic fibroblasts (ATCC; Manassas, USA) were cultured in DMEM medium. For the chitosan membrane-treated group, culture plates were prepared with 2.0% chitosan membrane (the final concentration of solution with DMEM and hydrogel being 1.00%). For the solution group, chitosan was added directly to media and solubilised to a final concentration of 1.0%.
Swiss 3T3 embryonic fibroblasts
Swiss 3T3 embryonic fibroblasts (CCL-92) were provided from American Type Culture Collection (ATCC) Tissue and Cell Culture Laboratory. Mouse embryonic fibroblasts that regularly underwent two passages per week were cultured in Dulbecco's Modified Eagle's Medium DMEM (Sigma 6979; St. Louis, USA) containing penicillin and streptomycin (50 units/mL for both) and 10% bovine serum. Optimal growth was achieved by changing the medium on a daily basis. In both experimental groups, culturing was performed on cell culture plates with 96 wells as 5x10 3 cells/well.
Chitosan scaffolds
For the solution form, 2.0% solution Aquasan α-with low molecular weight (AA-101, ~75-150 000 Dalton, 85 DD) (Aquasan; Georgia, USA) was prepared with double-distilled water. For a membrane form, chitosan with low molecular weight (150 000 kDa, 81DD) from Fluka (Fluka 50494; Seelze, Germany) was added to a 1.0% acetic acid solution to solubilise it. All pH values of prepared materials were adjusted to pH 6 by adding a sodium hydroxide solution. Solutions were sterilised with filters with a 0.22 μm pore size (Millipore; Massachusetts, USA). Plates containing chitosan Fluka hydrogel were dried at 40°C to achieve chitosan membrane forms.
Scanning electron microscopic (SEM) examination
Here, 2.5% glutaraldehyde (Merck; Darmstadt, Germany) was added to cells cultured on microscope slide covers for scanning electron microscopic examination. Following postfixation with 1% osmium tetroxide (Merck; Darmstadt, Germany) and dehydration in an increasing series of ethyl alcohol, slide covers were placed in a petri dish containing alcohol/ amyl acetate mixtures and pure amyl acetate (Merck; Darmstadt, Germany) series, respectively.
After drying the tissue samples in a CPD-010 critical point dryer (CPD 010; Balzers Union, Liechtenstein) and gold-coating them with a Sputter Coater Jee-1 (Jeol; Tokyo, Japan), the samples were examined under a 5200 JSM scanning electron microscope (Jeol; Tokyo, Japan).
Immunocytochemistry to detect collagen I synthesis
To evaluate collagen I synthesis, cells from control and experimental groups were mounted on microscope slide covers (Marienfeld; Lauda-Königshofen, Germany). Immediately after drying at room temperature, slide covers were immersed in 70% ethyl alcohol. Following evaporation of the fixatives, cells were immersed in a solution of 0.1 M PBS and 0.5% Triton X-100 (X305) (Sigma; St Louis, USA), then kept in another serum to block non-specific reactions with a serumblocking reagent in serum-A-Histostain Plus Kit (Zymed; Missouri, USA). In the next step, cells were incubated in antimouse collagen I primary antibody-Rabbit polyclonal to collagen 1-ab21286 (Abcam; Cambridge, UK) and then incubated in a solution of secondary antibody (biotinylated secondary antibody-reagent B-Histostain Plus Kit) (Zymed; Missouri, USA).
Following the application of aminoethylcarbazole chromogenic AEC Single Solution (Lab Vision TA 060 SA; Fremont, USA), the microscope slide covers were mounted with ultramount (Labvision; Fremont, USA). Balb/c mouse skin was used for positive and negative control groups. The same collagen immunohistochemistry protocol was applied to thick skin sections (40 μ) sectioned by cryostat Micro GmbH (HM 500; Berlin, Germany), at -25°C. For the positive control, a primary antibody was used, whereas immunocytochemical staining was performed without using a primary antibody for negative control. Collagen immunolabelling was evaluated semi-quantitatively using an additive immunoreactive score reflecting signal intensity as negative (-), mild (+), moderate (++) and strong (+++). All groups were examined and evaluated under a BX 51 light microscope (5060 Wide Zoom Olympus; Tokyo, Japan).
BrdU proliferation assay
BrdU 20mmol, Lot 30K12928 (Sigma; Schnelldorf, Germany) was prepared according to the protocol and proliferating cells were detected via colorimetric staining. Preparations obtained by light microscopy (Olympus BX51; Tokyo, Japan) were evaluated. The stained nuclei and unstained cells were taken into account as a whole for evaluation purposes. The ratios were calculated between the number of red-stained cell nuclei and the total cell numbers. The values obtained were calculated as % BrdU (positive). A total of 3000-5000 cells were counted under microscopic examination per treatment group.
Cell viability assays (MTT)
Viability studies by mitochondrial enzymes which catalyse the reduction of tetrazolium salts is based on a method of cell division, and a xenobiotic, which reflects cytotoxicity by MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-difeniltetrazolyum bromide) was used. MTT was used as a quantitative colorimetric method to measure cytotoxicity as well as cell viability.
For MTT analysis, on the 5 th and 10 th days, 20 ml MTT (Roche; Nonnenwald, Germany) solution (reagent) was added to each plate to microscopically check the formation of formazan crystals. A solution of 200 mL of DMSO (Sigma; St. Louis, USA) was added to dissolve the crystals. Samples were measured at two spectrophotometric values with a wavelength of OD 550 and 690 nm (Shimadzu UV-1601 Biospec; Kyoto, Japan). As a blank, a cell-free and medium-free negative control group was used. Chitosan-free cells were used as the positive control group (17) .
Statistical analysis
All statistical analyses were performed using the software programs SPSS 17.0 (SPSS, Chicago, IL, USA) and Excel Tokei 2012 (Social Survey Research Information Co., Tokyo, Japan). Statistical analyses were carried out using nonparametric tests. All data were also descriptively expressed as means±SEM. Groups of data were compared with a nonparametric analysis of variance test and pairwise comparisons were carried out using a Mann-Whitney Rank Sum Test while adjusting for multiple comparison. A p<0.05 was considered to be significant, and p<0.001 very significant.
RESULTS
Data are presented for each treatment group at days 5 (e.g. Figure 1a -f) and 10 (e.g. Figure 1g -l) post-culture. In each case, we describe the control (no chitosan situation), and then evaluate the effects of our different chitosan treatments. The effects of the membrane form versus the solution form of chitosan and the temporal effects of chitosan addition are presented. Assessment of the mitogenic activity of chitosan, especially high-deacetyl forms, found that high rates of mitosis were achieved at a 2.0% concentration (18) (19) (20) (21) (22) . We used this concentration in our preliminary experiments to ensure standardisation with those prior studies.
Scanning electron microscopy
Solution group, method 1 In the solution group, chitosan was added to the media prior to the addition of cells. The control at Day 5 had normal fibro- 
Membrane group, method 1
The membrane group treated using method 1 also showed signs of increased cellular extensions compared to the no chitosan controls. The cells in the medium with chitosan pieces significantly accelerated the formation of intercellular projections reminiscent of organised tissue (Figure 1c ). With the membrane at 10 days, the cells completed the formation of tight attachments in a three-dimensional form (Figure 1i ).
Solution group, method 2
Here, the control group again depicted the normal morphology of fibroblasts at days 5 ( Figure 1d ) and 10 of the culture (Figure 1j) . As a reminder, method 2 cells had chitosan added after cell plating. On the 5 th day, the solution group of method 2 reflected an increase in cell number together with changes in cellular morphology, as they were smaller and spherical (Figure 1e ). Increased cellular extensions and intercellular adhesions were quite apparent in this group. On the 10 th day, the solution group represented a further increase in the number of cellular extensions in fibroblasts which seemed to acquire their characteristic morphology (Figure 1k ).
Membrane group, method 2
In this time period, the membrane group exhibited an increased number of intercellular adhesions with prominent cellular extensions of fibroblasts resulting in a compact tissue formation (Figure 1f .and elaborated extensions (<) (e); the membrane group: chitosan membrane interacted firmly with the cells to provide tight intercellular junctions (*) and compact alignment of cells (**) (f). SEM pictures method 1: Day 10, the control group: the cell deaths are increasing rapidly due to contact inhibition (*), and intercellular connections are apparent, separations (<) followed (g). On Day 10, the solution group: group of cells abandoned the spherical forms seen on Day 5 and instead showed signs of tissue organisation (*) and significantly contribute to cell extensions and intercellular communication (<) (h). Day 10, the membrane group: The chitosan membrane accelerated cells and tissue formation to adhere firmly to the base; they reached the three-dimensional form (**) and a structure compatible with fibroblastic character (<) followed (i). At Day 10, the control group: cellular death (*), a decreased number of cellular extensions (<) and loose intercellular junctions (x) (j); the solution group: elaborate cellular extensions tend to form compact tissue formations and increased the number of cells regaining their proper fibroblastic character (*) along with numerous intercellular junctions (<) (k); the membrane group: compact tissue formation (**) (l) the chitosan membrane using method 2 were very dense and resembled organised tissue (Figure 1l ).
Cell organisation and extracellular matrix
In our SEM studies, the primary effect of chitosan inclusion using either method 1 or 2 was increased cell organisation and dense arrangements resembling tissue. Cell growth appeared increased compared to controls. One factor with powerful effects on cell density and organisation is the composition of the extracellular matrix. We next assessed the deposition of collagen by cells treated with solution or membrane forms of chitosan (again using method 1 and 2) using immunohistochemical staining.
Collagen immunohistochemistry
Sections from mouse dermis incubated with the primary antibody were used as a positive control for collagen immunocytochemistry (Figure 2a) . Sections from the mouse dermis incubated without the primary antibody were used as a negative control of collagen immunocytochemistry (Figure 2b ).
For fibroblasts, we found that all groups exhibited immunopositivity for collagen (Figure 2c-n) . Among the groups, it appeared that collagen deposition was increased on the 10 th day compared to the 5 th day (as expected), and that collagen levels were generally higher in the membrane group compared to the solution group and the no chitosan controls. Data are summarised in Table 1 . Collagen immunohistochemistry, x400. method 1, Day 5, the membrane group: fibroblasts (*) are monitored for intensive immunopositive staining (e). Collagen immunohistochemistry, x400. At Day 5: for method 2, the control group: mild collagen immune reactivity is observed in fibroblasts (*) (f); the solution group: fibroblasts depict significant collagen immunopositivity (*) (g); the membrane group: fibroblasts with a significant increase in collagen immunopositivity (*) (h). method 1, day 10, the control group: a decrease in fibroblasts immuno-reactivity (*) is noteworthy (i). Collagen immunohistochemistry, x400. method 1, Day 10, the solution group: positive-spherical structure of collagen in fibroblasts intense immune staining (*) is observed (j). Collagen immunohistochemistry, x400. method 1, Day 10, the membrane group: fibroblasts significantly increased, collagen immunoreactivity (*) is monitored (k). Collagen immunohistochemistry, x400. scale bar: 50 µm. method 2: d) Day 10, the control group: increased cell death together with a prominent decrease in collagen synthesis (*) (l); the solution group: increased number of fibroblastic cell population with apparent collagen immunopositivity in fibroblasts (*) (m); the membrane group: closely packed fibroblasts presenting an intense collagen immune positivity (*) (n). Collagen immunohistochemistry, scale bar: 50 µm 
Cell proliferation and cell death
In SEM and immunostaining preparations (Figures 1, 2) , we noted that control cells lacking the chitosan treatment had decreased numbers of cell extensions and round appearances suggestive of cell death due to contact inhibition. We quantitatively addressed the issues of proliferation and cell death by measuring BrdU incorporation (Figure 3, 4) and cell viability ( Figure 5 ), respectively. Our results showed that, overall, chitosan inclusion resulted in increased cell proliferation and viability. In particular, the solution group on the 5 th day presented a very high rate of cellular viability. Chitosan inclusion, whether in the membranous form or added directly to media, results in altered, and in many ways improved cell performance.
DISCUSSION
As determined by SEM imaging, the assessment of collagen expression, and cell proliferation and viability assays, chito- . BrdU immunohistochemistry, x400. method 1, 10 days, the control group: the fifth day of the live cell population decreased in the control group and immune staining of BrdU-positive cells (*) can be seen (g). BrdU immunohistochemistry, x400. method 1, 10 day, the solution group: thrown into a spherical form solution that reduces the clarity of the image in spite of the characterwinning psychic fibroblasts compared with fibroblasts in part the fifth day, an increased immunoreactivity of BrdU-positive (*) is seen (h). BrdU immunohistochemistry, x400. method 1, 10 day, the membrane group: fibroblasts compared with control and solution groups, observed an increased immunoreactivity of BrdU-positive cells (*) (i). BrdU immunohistochemistry, x400. Scale bar: 50 µm. method 2, Day 10, the control group: a small number of fibroblasts in the immune reaction of BrdU (*) are shown. BrdU immunohistochemistry, x400 (j). method 2, Day 10, the solution group: showing a significant increase in number of immune staining of BrdU in fibroblasts (*) ratio has been increasing (k). BrdU immunohistochemistry, x400. method 2, Day 10, the membrane group: other experimental groups compared to the much increased number of BrdU-positive reactions in the fibroblasts (*) are shown to be significant (l). BrdU immunohistochemistry, x400. Scale bar: 50 µm Collagen immuno histochemistry The control group 5 day + The control group, 10 day + Method 1, 5 day, the solution Group + + Method 2, 5 day, the solution Group + + Method 1, 10 day, the solution Group + + Method 2, 10 day, the solution Group + + + Method 1, 5 day, the membrane Group + + Method 2, 5 day, the membrane Group + + Method 1, 10 day, the membrane Group + + + Method 2, 10 day, the membrane Group + + + san has been shown in our studies to have generally positive effects on cell growth and organisation. Our use of chitosan in a solution form, when added directly to media either before (method 1) or after (method 2) cell addition, is a new and convenient way to deliver the biomaterial to elicit such positive effects.
The literature contains no publications on the solution form despite numerous studies on chitosan membrane. Therefore, we performed an investigation to compare the solution and membrane forms. Interestingly, we observed that the solution form had results close to the results of the membrane form and that, more interestingly, the cells had a spherical character and changed shape, but that their synthesis activities remain unchanged in the solution form.
In general, the scaffold membrane structure, membrane surface charge, protein binding capacity of the surface of the membrane and cell compatibility play an important role in combination with the type of material. However, the property of chitosan to support the different cells, the donor, and the load cell phenotype, deacetylation of chitosan molecular weight, and method of sterilisation may affect the results (6, 23, 24) .
The effects of chitosan on the proliferation of cells in primary cell cultures were widely discussed in numerous studies. Germershaus et al. (25) used trimethyl chitosan as a gene delivery system and suggested it to be the most suitable material for cell culture and gene delivery. Our studies showed similar effectiveness on cell proliferation.
However, there were a limited number of in vitro studies discussing the effects of chitosan in membranes and especially in solution forms on continuous cell lineages. We therefore aimed to plan this current study in consideration of this fact (1-3, 21, 26) .
Chitosan, as a biocompatible mucopolysaccharide, is known to be digested by lysosomal action. There are reports suggesting that its degradation products do not cause any harmful effects in the organism (2, 3, 21, 26) . We encountered no toxic reactions in our present study, which correlated with data in the literature (1-3, 21, 26) .
Chitosan is also known for its stimulatory effects on growth factors (7, 27, 28) . This property of chitosan correlated with our results on the 10 th day when both solution and membrane forms of chitosan induced fibroblastic cell viability ( Figure 5) .
Chitosan potency for the synthesis of collagen has been reported in numerous studies. Results of collagen I immunocytochemistry of the present study strongly supported the data from the literature (18, 29) .
Additional data implicated the chemoactive properties of chitosan, stimulating the proliferation and migration of fibroblasts in the presence of FBS. Our findings demonstrate the related effects of chitosan in both solution and membranous forms of chitosan (18, 30, 31) . Kong et al. (14) , in their tissue engineering studies, suggested that chitosan was the best tissue engineering membrane material. Chuang et al. (32) demonstrated the proliferation effect of a mixture of polyvinyl alcohol (PVA) and 4.0% chitosan on human fibroblasts (L-929) culture. As a parallel finding, we have demonstrated the significant increase in intercellular adhesion within the membrane group both on the 5 th and 10 th days. Comparing experiments with each group in the Day 5. and 10, especially at the 10 th day, the effect was observed with both membrane and solution forms. Based on the data obtained, both forms have nearly the same effectiveness on cell proliferation, but the chitosan solution form is interpreted to be less effective in terms of adhesion because of its spherical form.
The porous structure of cell growth matrices has been reported to be crucially important for tissue engineering in order to promote cellular adhesion and cellular layering. Wang et al. (24) reported an increased degree of fibroblastic proliferation by using hybrid porous matrices, as a mixture of lowtoxicity solvents and polyglycolide (PGA)-chitosan. We also observed this positive effect of the porous nature of chitosan in the present study. The creation of a spongy porous structure of membranes in vitro in terms of absorptive cells clinging to this structure is a view that would create the appropriate environment. Yan, Zhao, Zhu and colleagues worked on this issue in the field of tissue engineering; this work has been used in studies of organic or nonorganic materials combined with extracellular matrix components and could be obtained if there were more successful results demonstrated (33) (34) (35) . There are also studies that have been combined with collagen biomaterials (35, 36) .
Zhu and colleagues prepared solutions of low toxicity-polyglycolide (PGA)-chitosan mixtures. PGA-chitosan matrices enhanced the proliferation of fibroblasts in their studies. The results obtained here showing a spindle-shaped morphology of fibroblast cells are consistent with those findings (37) .
In general, hold cells of the membrane structure, membrane surface charge, protein binding capacity of the surface of the membrane and cell compatibility play important roles in combination with the type of material. However, the property of chitosan to support the different cells, the donor and the load cell phenotype, deacetylation of chitosan molecular weight and method of sterilisation may have an effect on the results (6, 23, 24) . Swiss 3T3 mouse embryonic fibroblast cells used in this sense, showing pre-compliance with the terms of the culture experiments, both in the experimental stage and the convenience of use in this regard, led to identification of the molecular structure of the organic material chitosan.
It is strongly believed that cellular phenotype, type of biomaterial, the nature of the medium, protein absorbance values, and surface charge of the cell membrane are strictly effective in cell culture (33, 34, 38, 39) . Serum has been added to chitosan biomaterial in numerous studies in order to promote cellular proliferation (20, 31, 40) . However, regarding the data of our current study, we suggested the effectiveness of serumcontaining chitosan biomaterials (especially in membrane form) to synergistically increase cellular adhesion, due to the presence of cations, such as Ca 2+ and Mg
2+
, by increasing the chemoactive properties of chitosan and the surface charge.
There have been contradictory studies demonstrating both the stimulatory (11, 18) and inhibitory effects (23, 28) of chitosan on fibroblastic activity. We believe that this contradiction is the result of several factors, including cell population, method used, and the chemical properties of chitosan and its derivatives. Focusing mainly on the response of chitosan to variable preparatory conditions, the present study could contribute to further studies in related fields.
In accordance with prior studies, we can conclude that chitosan, in its membrane form, is highly effective in promoting cell organisation and adhesion, collagen synthesis, and cell proliferation and viability in the Swiss 3T3 mouse embryonic fibroblasts continuous cell line. On the 10 th day of the experiment, the membranous form of chitosan induced significant proliferative effects and increased the ratio of cell-to-cell junctions of Swiss 3T3 mouse embryonic fibroblasts under in vitro conditions.
Our work with the solution form of chitosan has not been reported previously for these types of experiments. Solutions of chitosan are easier and faster to prepare, and there is less variability from solution to solution compared to membrane preparations. The solution form may be a good alternative for the following reasons: the chitosan particles in solution favour cells taking on spherical shapes, a feature that may prove useful for specific applications. They offer control of when fibroblasts are attached to the culture dish, as we found that cell viability and proliferation were normal, but cell attachment was delayed for several days. Cells treated with the solution form may also interact with the particles in a way that makes cell feeding or drug delivery easier. Larger scale studies are now necessary to evaluate the utility of this inclusion of chitosan. 
